As companies grow their capacity in multiple buildings there are increasing challenges with the automated material handling systems (AMHS) used to transport the wafers between two or more facilities. In some cases, the links used to perform these transports can become a constraint for the entire system. The problem grows more difficult as the expansion plan extends further into the future, making it harder to predict throughput requirements. This study discusses a particular throughput prediction tool as well as different approaches for evaluating designs. The approaches discussed include: integrated vehicle/conveyor model using static tool (Network approach), segregated dynamic models for conveyor/vehicle system, and integrated vehicle/conveyor dynamic model. The pros/cons of these approaches are discussed based on different use cases. The paper finishes by discussing the strategic advantages of factories performing expansion analysis early in the design of the factory and the importance to continue validating and improving these methods.
INTRODUCTION
The first fab on a semiconductor manufacturing site is often not the last fab for the site. As demand for the company increases, it is often advantageous to leverage the existing infrastructure for the additional capacity a new fab can provide. Just as the water mains, electrical power, and transportation needs encompass the long term capacity needs when a site plan is developed, the AMHS design should take into consideration potential expansion requirements for the site. Although it is possible to design new fabs to operate completely independent from the original fab, there are often cost advantages to adding additional factories by leveraging capacity in the already existing fab(s). This approach can create a flow of material back and forth between new and old fab(s) during the ramp up period through full production. To support this flow of material, AMHS designers face several questions that need to be addressed:  How big should interconnects be?  How many and where should they be located?  What are the dimensions of the hallways or bridges that would support them? Also, the designers will need to ensure the delivery systems will meet required inter-fab throughput without disrupting the flow inside the original fab or the new fab. If these questions are not addressed success-fully early in the design process, the site could incur additional AMHS cost throughout its life and could negatively impact the combined potential capacity of the entire campus.
Designers are tasked to address these issues in the most efficient way based on time constraints and resources available. This paper discusses this effort in regards to input definition and design evaluation/output generation. There are several approaches that vary in terms of complexity and usefulness depending on the use case. This paper's intent is to shed some light regarding which approach to use for which cases.
The remainder of the paper is outlined as follows: Section II will summarize related work, Section III will describe an interfab moves prediction model, Section IV will discuss three different design evaluation methodologies including pros and cons, and Section V will present the summary and conclusions.
RELATED WORK
Literature research shows a significant number of publications in the area of AMHS modelling for design, forecast and decision making in a single fab or sub-sections of a single fab. Concerning vehicle-based models, Jimenez et al. (2002) looks at an AMHS design based on rails and lifters in different floors and tries to minimize average lot-delivery time. Sturm et al. (2003) outlines the planning approach for two AMHS designs used for interbay transportation in 200mm wafer fabs with regard to good performance and robustness of the system. Nazzal & McGinnis (2006) proposes an analytical model using an extended Markov chain useful in the design of AMHS. Gaxiola et al. (2004) evaluates the benefit of using a redundant overhead shuttle (OHS) system in combination with an interconnected overhead transport (OHT) system to support automated movement of non-production wafers. With regards to conveyor-based models, Miller et al. (2011) discusses the design and test of conveyor-based AMHS configurations with emphasis on comparing centralized versus distributed storage systems. Also, Nazzal et al. (2008) proposes an analytical model for the design of a conveyor-based AMHS to estimate the work-in-process on the conveyor and assess the system stability.
There is an additional set of publications that focuses on linked or semi-linked AMHS/factory models. Jimenez et al. (2010) study AMHS productivity detractors affecting small lot manufacturing (SLM) and use linked simulation models for testing the 12 and 25 wafer-lot scenarios. Kiba et al. (2009) presents a detailed simulation model of the production system and AMHS for a 300 mm semiconductor plant and discusses some of the studies performed with this model, Jimenez et al (2005) discusses capacity models with less detailed AMHS representations which can generate accurate system predictions in comparison to the values produced by fully integrated models while Jimenez et al (2008) identifies a method for classifying a fab model by the level of capacity detail, the level of AMHS detail, or the level of capacity/AMHS detail. Kohn et al. (2009) considers future performance prediction using simulation techniques different to discrete event simulation and several optimization approaches and Kondo (2008) discusses how AMHS solutions for SLM should stress more transport capacity and shorter Carrier Exchange Time (CET) rather than shorter delivery time. Zimmerhackl et al. (2007) analyzes the effects of SLM on equipment operation and fab performance and describe options for carrier handling and AMHS operation to maximize the productivity benefits of SLM.
In general, none of these publications deal with the design of AMHS extensions into multiple buildings and therefore there is an interest in presenting the work that has been conducted in this area.
INTERFAB MOVES PREDICTION MODEL
In order to come up with the design of the facilities AMHS interlinks, the first question to be answered is: "How many moves need to be handled back and forth by the interlink(s)?" The interlink design should be able to accommodate an immediate first-step expansion as well as any possible future expansions within the fab campus. It is recognized that it is possible to accomplish these predictions using factory models that depict in detail the flows, equipment, and logic that will be used in the fabs to trigger such moves (based on load balancing, staging vs. travel times, randomness of down times, etc), but creating such detailed models takes time and requires initial assumptions that will be continually changing during the entire design lifecycle. Instead, a simpler probabilistic model is considered to obtain these interfab move estimates.
A probabilistic spread sheet model to calculate the quantity of movements between buildings can be developed based on three inputs: a process flow, the quantity of required equipment in each building, and the start rate for the site. A single process flow may be used to represent all flows if its share of the total throughput is large enough. Equipment processing times and capacities may be assumed to be sufficient for the start rate and all tools to have the same probability of being used (depending on a certain granularity of tool families). Based on this, the material distribution can be analysed step by step through the entire process flow as shown in table 1. In each step, material is distributed to the buildings according to the required equipment location and quantity. If there are 32 of 65 tools in building 1 able to do the first process step in table 1, nearly half of the material is assumed to be processed in this building. For choosing the equipment in the next step, priority is given to tools within the same building. Anything that can be processed without a building change, remains with the equipment in that building. The remaining material needed to be processed (based on the respective sampling rate) is being evenly distributed to the equipment in other buildings. This causes movements between buildings which are tabulated in a from/to matrix based on the share of total material that is moved (columns "In / Out moves to next step"). According to the example in Table 1 , everything has to be moved out of building 3 after the first implant step and into the other building based on their respective number of tools for the second implant step. It is assumed that anything going out of one building has to go into another, therefore only the out-moves are highlighted by yellow and red colours. With this visual feedback, this probabilistic model quickly highlights the problems: equipment placement balance between buildings, process flow inefficiencies, and inter building traffic. Summarizing all inter building moves using this tool provides requirements that can be used for the interlink design. Furthermore, it can be used to automatically analyse changes in tool distribution over the buildings. 
DESIGN EVALUATIONS METHEDOLOGY
Once the requirements for moves have been set, the designer will be tasked with selecting the methodology that best fits to evaluate different designs. The methodology used should be able to test the throughput requirements and also provide estimates of delivery times between tool sets in different buildings. In turn, these delivery time estimates will also influence performance expectations for interconnected fab(s) and will help create optimized algorithms for tool selection (e.g. controller should trigger a move only if expected queue time is longer than expected delivery time). In order to evaluate these designs, three different methods are considered in the following sections, followed by a comparison of the pros and cons of each. In section 4.1, the application of the Network approach based on flow analysis and weighted paths is discussed. Section 4.2 has a discussion of dynamic models, with discrete sections of the system modelled separately (e.g. one model for conveyor section, different models for OHT section in building A and building B). Section 4.3 discusses fully integrated AMHS dynamic models. Finally, section 4.4 reviews the pros and cons and case application of each approach.
Integrated Static Models (Network Approach)
Particularly in the early planning phase, there is a certain discrepancy between the level of detail necessary for dynamic simulation models regarding control logic, vehicle parameters, and transport data with the tentativeness of available information on requirements, constraints and assumptions. Thus, the dynamic simulations might promise more accurate results than actually supported by existing data and the effort of creating a dynamic simulation might be unjustified at such an early planning stage. A network approach based on AMHS track utilization by loaded vehicles (or conveyor throughput) is another way to establish a basis for further decisions. In this more simplistic approach, the AMHS is represented by a network graph model as proposed by Hammel et al. (2008) . Each intersection and potential source or sink of transports becomes a network node; the connecting tracks are the links between them. Assuming that routing decisions of the AMHS are made by some kind of shortest path algorithm, where 'shortest' may be referring to real length or some arbitrary costs assigned to the links, track utilization can be determined using sophisticated network algorithms. The Floyd-Warshall-Algorithm (Floyd 1962 , Warshall 1962 for example is designed to identify all shortest paths between any two nodes in one pass. To be more exact, it actually identifies the next node to go to while at one node and heading for a certain destination node. From this matrix, the shortest paths can be generated for all needed origin-destination relationships. By generating a list of transports for a certain time period and identifying the shortest path for each single transport, the average number of transports per hour on each link is determined. This approach neglects any empty vehicle moves. Also, similar to the dynamic simulation, it is dependent on the assumptions and simplifications made when modelling transports. If these transports are generated from certain process flows, they might not include test wafers or empty FOUPs for example. So a certain safety factor has to be applied either to the transports themselves or to the resulting track utilization. Arguing that empty vehicle moves only account for a small percentage of all moves, especially in high load scenarios, the generated track utilization can be taken as acceptably realistic. Collecting maximum numbers of transports per time period through one piece of track from existing comparable systems, the comparison to the calculated numbers gives insight if the layout is functional and where bottlenecks could occur. Furthermore, this approach allows an estimation of transport times based on transport distance and, if they have an impact, number of intersections. Even though this does not take retrieval times into account, it is an acceptable estimate at this stage.
As this method is magnitudes faster in run time than conventional dynamic simulation, and networks can be manipulated quite simply, it is suitable for layout evaluation while it is still possible to change. Different layout alternatives can fast and easily be assessed and compared. Moreover, layouts can be adjusted and tested in order to get rid of over-utilization of pieces of track. Especially for the connections to other fabs, this is an essential point. Where and how to connect track to another building can make a big difference, which is not easily seen without a track utilization chart because of the underlying complexity of the transport structure. As AMHS track mostly has only one level and cannot cross on top of each other, crossing streams are often a problem. In case of fab connections, this becomes obvious if there are two connections with one lane in each direction (Figure 1 ). Even though maximum throughput could be expected to be doubled compared with one connection, it might in fact not be much higher. If there are two or more typical transport streams that have to cross each other at some point, this crossing area becomes the bottleneck. Traffic has to be divided as far as possible to have only certain transport relations use each connection. Furthermore, AMHS track layout has to be adjusted to best support this traffic division. Both aspects can easily be tested by the described network approach. For traffic distribution and in addition to the mere shortest path analysis, an optimization of transport routes is also possible. Routing in state-of-the-art systems is indeed determined by 'lowest priced' paths and the underlying costs for passing pieces of track by vehicles can be adjusted. Hence, manipulation of these costs can redistribute traffic; it can be employed to lower track utilization of over-utilized tracks. Schöps & Hammel (2012) shows that such a cost parameter optimization increased maximum throughput of the AMHS in a producing fab by up to 20% without negative impact to delivery times. Of course, there is a trade-off with delivery times in general. Distributing traffic away from shortest paths elongates the transport distance for vehicles. If this avoids passing bottlenecks, which tend to be at risk of generating traffic jams, a certain longer way should be considered. If there is no risk of traffic jams on the contrary, taking the shortest route is the method of choice. So the right balance of using shortest paths and avoiding traffic jams by decreasing track utilization has to be found. If the maximum throughput of a piece of track is known, the goal of traffic redistribution is to get all track utilizations below this limit. If this is possible, the resulting average travel distance is the benchmark of the acceptability of the considered AMHS layout. Table 2 shows how results obtained from Network approach compare with results obtained from integrated dynamic simulation approach. The results below are presented as ratios of the results from dynamic model and network approaches for confidentiality reasons. We can see that for car-based systems, maximum throughput estimates matched very well with the results obtained with dynamic modelling, while estimates of average transport time were close. The conveyor system was modelled with Network approach as well, but with much less understanding of the operation characteristics of that system. Therefore, results obtained were considerably off when compared to results obtained from dynamic modelling. 
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Segregated Dynamic Models
When expansion planning for a given campus begins, typically the dynamic models of the initial fab are already available and therefore a decision has to be made whether to expand the initial model (as depicted in section 4.3) or create a separate model with just new fab information. Keeping the models segregated will allow for better manageability and running times, but will rely on assumptions about the other fab.
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How good those assumptions are will affect decision quality, which could add risk to this approach when compared to the fully integrated approach. Even with this greater risk there are several aspects that make this approach attractive besides the manageability and run times mentioned before. One aspect is the data quality available for the old vs. the new fab. When expanding an existing site there is at least one fab that is already running, so all information can be gathered from real production data. The additional fab is in a rough planning phase where only assumptions on transport scenarios, control logic, and AMHS parameters can be made. Each model's results may be interpreted against the background of accuracy of the used data. The existing fab model can be extended by the transfer connections and a direct comparison to the current validated model can be drawn, so the impact of the connection to production can be directly estimated. The results of the simulation model of the new fab with transfer connections included have to be considered with a larger deviation. Figure 2 shows an example of segregated models. Another way to keep the models segregated and also mitigate risk about the assumptions from the other fabs is to interconnect them using communication software (e.g. Model Communication Module) or using input/output files (e.g. drop off arrival rate at transfer station from other model) back and forth between different models. This approach could be especially useful when wafer carriers have to change from one system to another (e.g. from vehicle system to conveyor system), although this will also result in slower run time and communication time between models (e.g. when using Model Communication Module). The usefulness of this kind of interconnection is questioned though when the scope includes connecting the same types of systems (e.g. same version of a vehicle system) in different buildings, as it would miss the important aspects of vehicle balancing better captured with fully interconnected model approaches.
Integrated Dynamic Models
This kind of modelling is the most ambitious, but also the most complex and time consuming; both from the model building and model running perspective. However, it does represent the least risk in regards to results and input assumptions. In this approach, the AMHS from different buildings/fabs as well as all the interconnections (vehicles and/or conveyors) are simulated as a single model and areas of hand-shake between different systems are modelled (e.g. between conveyor and vehicle systems). One example is the case of two different fabs interconnected using a "same vehicle" based AMHS. In a segregated modelling approach, a vehicle would travel from origination point in one fab to a "transfer point" between the two fabs where the wafer carrier would be dropped off and the vehicle would be free to search for work in the original fab again. In the real AMHS however, the vehicle would travel to destination fab, drop off the wafer carrier, and then most likely would look for work or park at the destination fab. This situation and the corresponding necessary vehicle balancing logic can only be represented if the two fabs' AMHS systems are simulated in a single model. Failing to do so could lead to overlooking potential problems with the vehicle balancing logic or vehicle utilization. For situations where the change from one fab to another fab also includes a change of AMHS, the need of full interconnection might be less obvious but still would help reduce the risks associated with the arrival rate assumptions coming from the other fab. Better transporting times (for average values as well as peak/95 th Percentile) and more accurate vehicle utilization statistics will be available from this approach when compared with the previous two approaches. Figure 3 shows an example of an integrated (or quasi-integrated) dynamic approach for a multiple fab interlink design. The models were used for evaluating three different AMHS designs required to support three possible expansions in a given campus. The network based analysis (section 4.1) could be used to generate these designs out of a broader range of potential layouts. Design 1 and 2 consist of vehicle based AMHS connecting multiple buildings, and design 3 represents a vehicle based system plus a conveyor based AMHS interlink. For simplification purposes, the AMHS in the original fab and the interconnections were simulated in detail, but for the new fab the picks/drops to/from original fab were simulated, but intrafab moves were omitted. In spite of the simplifications, the integrated models had over 15,000 moves per hour and approximately 900 vehicles. Simulation run times were between 1.7x and 2.3x of actual times. This approach allowed for detailed study and statistics collection on the interconnecting links as well as the input/output areas in the original fab, but lacked detail in the study of the input/output areas of the new fab. Nevertheless, the approach was preferred to a completely segregated model approach because of the insight it provided about the interconnecting areas. It was also preferred over a completely integrated approach (with new fab simulated in detail) because of the faster model build and run times. AutoMod 12.4 simulation software based on 64 bit processing was used for these models. Table 3 shows the pros/cons of the three approaches discussed in this paper as well as the use cases recommended. The network approach is fast to build and to run and allows for interconnecting several fabs together, but results will be limited by how well the designer understands the specific limitations of an AMHS (e.g. after having extensive experience with the dynamic modelling and real operations of that AMHS). It was agreed that this approach was suitable during high level design phase and when good understanding of the limitations of the AMHS exists.
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Segregated and integrated dynamic approaches are more suitable for detail design models than network approach as they allow for detail investigation of logic and behaviour of the AMHS. The segregated dynamic approach models are faster to build and run and are easier to maintain and manage, but rely heavily on assumptions about inputs from other fabs and in some cases might miss important logic (as the vehicle balancing logic between buildings). Taking into account the high cost of AMHS (typically several million dollars) and the cost of potential future disruptions in manufacturing, designers should consider ways to mitigate this risk. Risk mitigation could be accomplished by using a more complex fully integrated dynamic modelling approaches. In some cases, the benefits of using an integrated dynamic approach are more obvious. For example, when a single AMHS will be used to support different fabs vs. other cases when a different AMHS will be used to support different fabs. 
SUMMARY AND CONCLUSIONS
This paper presented three different options to evaluate AMHS interconnection designs for multiple fabs and discussed a simplistic methodology to forecast interfab moves. For high level design, the application of a static flow based approach called the Network approach produced very similar results to those obtained by more complex dynamic models, but only for the case of a well known vehicle based AMHS. For detailed design, more complex models based on segregated or integrated approaches are recommended. It was found that segregated dynamic approaches are more suitable for cases with a change of AMHS system between buildings, especially if a communication strategy between models is being considered. Integrated dynamic models are considered more suitable for cases where a single AMHS system is being used in multiple buildings. Today's 64 bit software will facilitate implementation and will reduce risks related to the AMHS logic implementation in different buildings. Careful consideration of the AMHS design methodologies addressed in this paper is recommended to ensure the best return on investment for site capacity expansion planning. The authors believe further reGaxiola, Christensen, Hammel, and Stachura search is needed in the creation and validation of interfab move prediction models and in the evaluation, optimization, and impact of interconnected AMHS designs on combined fab performance.
